Abstract. The present study was designed to explore the role of IQ motif-containing GTPase activating protein 1 (IQGAP1) in the cell proliferation of multiple myeloma (MM) via the MAP kinase (ERK) pathway. Reverse transcription-polymerase chain reaction (RT-PCR) and western blot analysis were carried out to evaulate the expression of IQGAP1 in RPMI8226, U266 and KM3 cell lines and in primary MM cells from 4 MM patients. shRNA-expressing plasmids were used in RPMI8226 cells to knock down IQGAP1 and an MTT assay was used to examine the proliferative activity of the RPMI8226-shIQGAP1 (clone 1), RPMI8226-shRNA negative and untransfected RPMI8226 cells in subgroups stimulated with VEGF/IL-6 or without. Western blot analyses were then performed to examine the protein levels of p-ERK1/2, ERK1/2, AKT, p-AKT, STAT3, p-STAT3 in the RPMI8226-shIQGAP1 (clone 1), RPMI8226-shRNA negative and untransfected RPMI8226 cells. Co-immunoprecipitation was used to verify the interaction between the IQGAP1 scaffold and the MAP ERK kinase. We found that IQGAP1 was overexpressed in the human myeloma cell lines and in the patient MM cells. The proliferation rate in the RPMI8226 cells was decreased when IQGAP1 was knocked down with shRNA. IQGAP1 was found to affect RPMI8226 cell proliferation by regulation of the MAP kinase (ERK1/2) pathway; IQGAP1 scaffold-MAP kinase (ERK) interaction was noted in the human myeloma RPMI8226 cell lines. In conclusion, IQGAP1 plays an important role in the cell proliferation of MM via the MAP kinase (ERK) pathway.
Introduction
Multiple myeloma (MM) is characterized by the accumulation of clonal malignant plasma cells in the bone marrow (BM) and monoclonal protein in blood and/or urine. Clinical features include increased risk for infection, pancytopenia, renal disease, hypercalcemia and bone disease. Although conventional treatments achieve high response rates, disease relapse occurs as a result of acquired drug resistance. Novel agents including thalidomide, lenalidomide and bortezomib can achieve responses in patients with relapsed and/or refractory MM (1) (2) (3) (4) , but resistance develops to these agents. Thus, there is an urgent need for novel biologically based treatment strategies for MM.
IQ motif-containing GTPase activating protein 1 (IQGAP1) is a 189-kDa scaffolding protein that contains multiple proteininteracting domains. These include a calponin homology domain, a polyproline-binding domain, 4 calmodulin-binding motifs and a Ras-GAP-related domain. The motifs present in IQGAP1 are involved in the interaction of IQGAP1 with specific proteins, such as actin, calmodulin, members of the Rho GTPase family (i.e., Rac1 and Cdc42), Rap1, E-cadherin, β-catenin, members of the mitogen-activated protein kinase (MAPK) 4 pathway, and adenomatous polyposis coli (5, 6) . By interacting with these proteins, IQGAP1 regulates multiple fundamental cellular activities including cytoskeletal organization, cell-cell adhesion, cell migration, transcription and signal transduction. Recently, the functional significance of IQGAP1 in MAPK signaling was demonstrated; IQGAP1 modulates epidermal growth factor-mediated activation of extracellular signal-regulated kinase (ERK) and MAPK/ERK kinase (MEK) (7, 8) . In addition, IQGAP1 is required for the epidermal growth factor to increase B-Raf activity (9) . These findings suggest that IQGAP1 serves as a scaffolding protein that participates in the coordination of signaling (5) . Accumulating evidence implicates IQGAP1 in tumorigenesis and tumor progression. Many of the identified IQGAP1-binding partners contribute to malignant transformation and/or tumor progression, and several cellular functions affected as a consequence of IQGAP1 binding are important in tumor biology (5 (17) and liver (18) . The relevance to tumor biology of the known cellular targets of IQGAP1, combined with accumulating clinical and experimental evidence, suggest a positive relationship between IQGAP1 expression and tumorigenesis. Recent data indicate that cancer cells in which the RAF/MEK/ERK pathway is activated are particularly sensitive to the disruption of IQGAP1 function. The receptor tyrosine kinase (RTK)/RAS/RAF/MEK/ERK pathway drives proliferation, survival, invasion and metastasis in human cancer. However, efforts to target endogenous MAPKs are challenged by the fact that these kinases are required for viability in mammals (19) (20) (21) . Additionally, the effectiveness of new inhibitors of mutant BRAF has been diminished by acquired tumor resistance through selection for BRAF-independent mechanisms of ERK1/2 induction (22) (23) (24) . One way to resolve this problem is to target downstream kinases on the pathway, such as MEK and AKT. However, recently identified ERK1/2-inducing mutations in MEK1 and MEK2 (MEK1/2) MAPK genes confer resistance to emerging therapeutic MEK inhibitors, underscoring the challenges facing direct kinase inhibition in melanoma (25, 26) . Recently, it was suggested that the scaffold protein IQGAP1 may be another Achilles' heel downstream of RAS that can also be targeted (13) . A requirement for IQGAP1 was found in RAS-driven melanoma tumorigenesis in mouse and human tissues. In addition, the ERK1/2-binding IQGAP1 WW domain peptide disrupted IQGAP1-ERK1/2 interactions, inhibited RAS-and RAF-driven melanoma tumorigenesis, bypassed acquired resistance to the BRAF inhibitor vemurafenib (PLX-4032) and acted as a systemically deliverable therapeutic to significantly increase the lifespan of tumor-bearing mice.
Accumulating evidence implicates the RAS/MEK/ERK signaling pathway in the pathogenesis of MM, yet the association between IQGAP1 and MM remains unknown. It is still unknown whether the IQGAP1 protein is overexpressed in MM, and the mechanism that directly participates in MM tumorigenesis requires clarification. Whether the MAP kinase (ERK) pathway plays a part in myeloma genesis and progression and whether IQGAP1 is a new target gene related to the proliferation of MM are further issues which require investigation. Therefore, we designed the experiment to verify these issues. In the present study, we examined the expression of IQGAP1 in 3 human myeloma cell lines (U266, KM3 and RPMI8226) and in primary MM cells from 4 MM patients and confirmed that IQGAP1 was overexpressed in human myeloma cell lines and in the patient MM cells. We then evaluated the effects of IQGAP1 silencing on the proliferation of MM, and assessed IQGAP1 as a therapeutic target for the proliferation of human myeloma cells.
Materials and methods
Reagents. The antibodies against IQGAP1 were procured from Sigma (St. Louis, MO, USA); p-ERK1/2, ERK1/2, AKT, p-AKT, STAT3, p-STAT3 and β-actin were procured from Cell Signaling Technology (Danvers, MA, USA).
Cell culture. The human U266, KM3, RPMI8226 cell lines were grown in culture in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS). The cells were maintained at 37˚C in a humidified atmosphere of 5% CO 2 . All experiments used logarithmically growing cells (3-5x10 5 cells/ml). Bone marrow samples were obtained following informed consent from 4 patients with MM at the time of diagnostic aspirations, and from a normal control healthy volunteer following IRB approval from Wenzhou Medical University. The clinical features of the 4 MM patients are listed in Table I . Informed consent was provided in accordance with the Declaration of Helsinki. CD138 + cells were separated using an LS+ column and a magnetic separator according to the manufacturer's instructions (Miltenyi Biotech). The purity of CD138 + cells (>90%) was monitored by CD138-phycoerythrin staining and flow cytometry. Viability of the cells was regularly >95% as determined by trypan blue exclusion. CD138 + cells were cultured in RPMI-1640 containing 10% FBS under the same condition as the cell lines.
Reverse transcription-polymerase chain reaction (RT-PCR).
All RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The forward primers to human IQGAP1 was 5'-ACCGTGGACCCAA AGAAC-3' and the reverse primer was 5'-CTTCCCGTAGAA CTTTTTGTTG-3' (10). β-actin mRNA was amplified with forward (5'-TTGCCGACAGGATGCAGAA-3') and reverse (5'-GCCGATCCACACGGAGTACT-3') primers in a similar fashion. Total RNA was reverse transcribed in a 20-µl reaction system using Superscript First-Strand Synthesis kit for RT-PCR (Invitrogen, Carlsbad, CA, USA) under conditions described by the supplier. The PCR cycling program was 93˚C for 4 min, then 30 cycles of 93˚C for 30 sec, 54˚C for 60 sec, and 72˚C for 30 sec, and a final extension at 72˚C for 10 min. The RT-PCR products obtained were electrophoresed through a 2% agarose gel with ethidium bromide.
Western blot analysis. Cultured cells or patient MM cells were washed three times in serum-free medium and lysed with RIPA buffer [50 mM Tris-HCl pH 7.4, 1% (v/v) Triton X-100, 1 mM EDTA, 1 mM leupeptin, 1 mM phenylmethylsulfonyl fluoride, 10 mM NaF and 1 mM Na 3 VO 4 ]. Proteins were separated by 12% SDS-PAGE and transferred to PVDF membranes. Immunoblots were probed with primary antibody specific for the following proteins: IQGAP1, p-ERK1/2, ERK1/2, AKT, p-AKT,STAT3, p-STAT3 and β-actin. MTT assay. Cells (2x10 5 /well) divided into three groups [VEGF group (with exogenous recombination VEGF stimulation; VEGF concentration, 20.0 pg/ml), IL-6 group (with exogenous recombination IL-6 stimulation; IL-6 concentration, 20.0 pg/ml) and without VEGF or IL-6 group] and three subgroups [RPMI8226-shIQGAP1 (clone 1), RPMI8226-shRNA negative and untransfected RPMI8226 cells] in the logarithmic phase of growth were plated in 0.5 ml complete medium in 48-well plates. After 12, 24 and 48 h of incubation, 10 µl of MTT solution (Cell Counting Kit-8; Dojindo, Kumamoto, Japan) was added into each well, and plates were incubated for 4 h at 37˚C, and UV absorbance at 450 nm of each sample was measured using a microplate reader. The assay was carried out in triplicate wells, and each experiment was repeated three times.
Co-immunoprecipitation. Cells were crosslinked with 1 ml of 20 mM dithiobis(succinimidyl propionate) (DSP) (Thermo Scientific) for 1 h at 4˚C, and the reaction was quenched with washes in 50 mM Tris. Cells were lysed in 20 mM Tris, 150 mM NaCl, 0.2% NP-40 and 10% glycerol, with 0.5 mM dTT and protease and phosphatase inhibitors (Roche) added directly before use (buffer 1) for 1 h at 4˚C but not pelleted. One milligram lysate in 500 µl was combined with 5 µg of the antibody to IQGAP1 (Millipore) in buffer 1 and rocked overnight at 4˚C. Thirty microliters of Protein G Sepharose 4 Fast Flow (GE Healthcare) was washed in buffer 1 and combined with the lysate for 1 h at 4˚C. The supernatant was removed to check for immunodepletion. Beads were washed three times in 20 mM Tris, 150 mM NaCl and 1% Triton X-100, with protease and phosphatase inhibitors added directly before use (buffer 2). Immunoprecipitate was eluted from the beads in 4X LDS sample buffer in buffer 1 plus 5% mercaptoethanol. Samples were immunoblotted as described above.
Statistical analysis. Statistical analyses were performed using SPSS statistical software (SPSS Inc., Chicago, IL, USA). The Student's t-test was applied. P<0.05 was considered to indicate a statistically significant difference.
Results

IQGAP1 is overexpressed in human myeloma cell lines and patient MM cells. RT-PCR and western blot analysis were used
to evaluate the expression of IQGAP1 in 3 human myeloma cell lines (U266, KM3 and RPMI8226) and in MM cells from 4 patients. IQGAP1 mRNA and protein were detectable in the 3 cell lines and in the MM cells in 2 out of the 4 patients, with the highest expression in RPMI8226 cells and higher expression in U266 and KM3 cells and in cells from patient #1 and patient #2 (Fig. 1) as compared to the normal control.
IQGAP1 protein expression was significantly increased in 5 of the 7 analyzed MM cell types, compared to the normal control. These results indicate that IQGAP1 plays an important role in the tumorigenesis of MM cells.
IQGAP1 is crucial for MM cell proliferation.
To determine the relationship between the observed in vitro increase in IQGAP1 levels and cell proliferation in MM, we investigated the role of IQGAP1 in the in vitro tumorigenic growth of the RPMI8226 human MM cells.
We used shRNA-expressing plasmids which were controlled by the U1 promoter (clones 1, 2, 3 and 4) in RPMI8226 cells, and selection by growth was carried out in the presence of puromycin to knock down IQGAP1 in order to further study whether IQGAP-1 induces myeloma cell proliferation. We examined the knock-down efficiencies of different IQGAP1 shRNAs by western blot analysis. Compare with RPMI8226-shRNA negative cells or the untransfected RPMI8226 cells, the RPMI8226-shIQGAP1 cells (clones 1, 2, 3 and 4) showed a significant decrease in IQGAP1 mRNA and protein expression (Fig. 2) . The results demonstrated that the expression of IQGAP1 was downregulated by the IQGAP1 shRNA specifically and effectively. Then we examined the proliferation activity of RPMI8226-shIQGAP1 (clone 1), RPMI8226-shRNA negative and untransfected RPMI8226 cells by MTT assay in the VEGF group, in the IL-6 group and in the group without VEGF or IL-6. There was a significant increase in the cellular proliferation inhibition rate in the RPMI8226-shIQGAP1 cells than in the RPMI8226-shRNA negative and untransfected RPMI8226 cells (Fig. 3) . The results indicated that the proliferation in the RPMI8226 cells decreased when IQGAP1 was knocked down with shRNA and thus IQGAP1 is crucial for MM cell proliferation. 
IQGAP1 affects RPMI8226 cell proliferation by regulation of the MAP kinase (ERK1/2) pathway.
The mechanism by which proliferation in the RPMI8226 cells decreased when IQGAP1 was knocked down with shRNA was investigated by analyzing different signal transduction pathways in the human myeloma cell lines in which IQGAP1 was knocked down. We examined the effects of shRNA knockdown of IQGAP1 on phosphorylation of proteins in different signal transduction pathways in human myeloma cells, which included protein levels of p-ERK1/2, ERK1/2, AKT, p-AKT, STAT3 and p-STAT3. The mechanism by which IQGAP1 is crucial in myeloma cell proliferation was investigated by analyzing ERK, AKT, STAT3 phosphorylation in myeloma cell lines. The phosphorylation of AKT and STAT3 exhibited no difference in the RPMI8226-shIQGAP1 (clone 1), RPMI8226-shRNA negative and untransfected RPMI8226 cells, while the phosphorylation of ERK decreased 70.2% in the RPMI8226-shIQGAP1 (clone 1) cells when compared to the other two groups as determined by western blot analysis. Steady-state levels of phosphorylated ERK decreased when IQGAP1 was knocked down (Fig. 4) . The results indicate that IQGAP1 affects RPMI8226 cell proliferation by regulation of the MAP kinase (ERK1/2) pathway.
IQGAP1 scaffold-MAP kinase (ERK) interaction in the human myeloma RPMI8226 cell lines.
To investigate the interaction of IQGAP1 with ERK1/2, immunoprecipitation was performed in the RPMI8226 cell lines with the anti-IQGAP1 antibody, and western blot analysis with anti-ERK was carried out in the RPMI8226-shIQGAP1 (clone 1), RPMI8226-shRNA negative and untransfected RPMI8226 cells. When the RPMI8226 cells were transfected with shIQGAP1 (clone 1), no interaction between IQGAP1 and ERK1/2 was observed (Fig. 5) . When cells were transfected with the vector only or were untransfected, immunoprecipitation of IQGAP1 also resulted in the precipitation of ERK1/2. These data suggest that IQGAP1 is a scaffold for ERK1/2 interaction in human myeloma cells.
Discussion
IQGAP1 is a scaffold that is known to interact with MAPK cascade kinases including ERK1/2, as well as with a host of other proteins (27, 28) . Some studies have suggested a role for IQGAP1 in enhancing tumorigenesis (13, (28) (29) (30) (31) , while Iqgap1 knockout mice are viable and fertile (32) . Thus, IQGAP1 is a potential tumor-required scaffold protein that is dispensable for homeostasis.
In the present study, we demonstrated that IQGAP1 is overexpressed in human MM cell lines and in patient MM cells. IQGAP1 mRNA and protein were detectable in 3 cell lines and in MM cells from 2 out of the 4 patients, with highest expression in RPMI8226 cells and higher expression in U266 and KM3 cells as well as in cells from patient #1 and patient #2 (Fig. 1) as compared to the normal control. We noted that IQGAP1 protein was not expressed in patient #3
and patient #4, and we analyzed the clinical features of the 4 MM patients. We found that patient #3 and #4 had a more favorable stage in the Durie-Salmon staging system and lower β2-microglobulin, serum M protein level, plasma cell percentage in bone marrow and higher hemoglobin concentration when compared with these variables in patient #1 and #2. The Durie-Salmon staging system, β2-microglobulin, serum M protein level, plasma cell percentage in bone marrow are independent prognostic factors of MM. They have predictive value indicative of a worse prognosis and reduced survival and consistently a heavier tumor burden in MM patients. The finding that patient #1 and #2, who had a poor prognosis and shorter survival period, had higher IQGAP1 mRNA and protein expression than patient #3 and patient #4 is indirect evidence for the role of IQGAP1 in enhancing MM tumorigenesis.
In addition, this finding motivated us to investigate the relationship between the observed in vitro increase in IQGAP1 levels and cell proliferation in MM. We knocked down IQGAP1 in RPMI8226 cells to ascertain whether IQGAP-1 induces myeloma cell proliferation. The MTT assay revealed that there was a significant increase in the cellular proliferation inhibition rate in RPMI8226-shIQGAP1 cells at different times when compared with the rates in the RPMI8226-shRNA negative and untransfected RPMI8226 cells even following stimulation with exogenous recombination IL-6 or VEGF. As known, IL-6 mediates the growth and survival of MM cells (33) via activation of MEK/MAPK, JAK/STAT3, as well as PI3K/ AKT-1 pathways (34), while exogenous VEGF which binds to MM cells triggers Flt-1 tyrosine phosphorylation; consequently downstream signaling pathways are activated, including the PI3K/PKCα-dependent cascade and the MEK ERK pathway mediating MM cell proliferation, survival signaling via upregulation of Mcl-1 and survivin. However, even following the stimulation with exogenous recombination IL-6 or VEGF, the RPMI8226-shIQGAP1 cells had a lower cellular proliferation rate, confirming that higher IQGAP1 levels are associated with a higher proliferation rate in human myeloma cell lines. The results indicated that the proliferation in the RPMI8226 cells decreased when IQGAP1 was knocked down with shRNA and thus IQGAP1 is crucial for MM cell proliferation.
Next, we investigates the mechanisms responsible for the enhanced MM cell proliferation by IQGAP1. We examined the proteins in different signal transduction pathways in the human myeloma cells. We found that steady-state levels of phosphorylated ERK were decreased when IQGAP1 was knocked down. The results indicated that IQGAP1 may affect RPMI8226 cell proliferation by regulation of the MAP kinase (ERK1/2) pathway. To investigate the interaction of IQGAP1 with ERK1/2, immunoprecipitation was performed. When the RPMI8226 cells were transfected with shIQGAP1 (clone 1), no interaction between IQGAP1 and ERK1/2 was observed. When cells were transfected with the vector only or were untransfected, immunoprecipitation of IQGAP1 also resulted in precipitation of ERK1/2. These data suggest that IQGAP1 plays an important role in the cell proliferation of MM via interaction of ERK1/2.
Collectively, these findings suggest that IQGAP1 scaffold-ERK kinase interaction acts by a mechanism distinct from direct kinase inhibition and may be a strategy with which to target overactive oncogenic kinase cascades in MM. They also suggest that IQGAP1 plays an important role in the proliferation of MM cells. IQGAP1 may be a new candidate drug target for the treatment of MM.
